www.krcp-ksn.org injured podocytes remain attached to the GBM [3] . Sustained podocyte injury, however, is likely to cause podocyte cell detachment and/or death, which if extensive, leads to progressive glomerulosclerosis and end-stage kidney disease [4] . Podocytes are terminally differentiated with limited mitotic capability and can be replaced only rarely if lost by podocyte injury and subsequent apoptosis. Therefore, alleviating podocyte apoptosis is crucial in treating proteinuric and progressive glomerular diseases [5, 6] .
Puromycin aminonucleoside (PAN) is a podocytotoxin that is widely used to induce experimental nephrotic syndrome in rats [7, 8] ; it also causes foot process effacement and apoptosis in cultured podocytes [9, 10] . Podocytes specifically injured by PAN show flattening of foot processes, focal detachment from GBM, actin cytoskeleton disorganization, and decreased expression and abnormal distribution of slit diaphragm (SD) proteins; these findings are consistent with those observed at the onset of proteinuria [9, 10] . Morphologic changes include pronounced effacement and fusion of foot processes, consistent with the general morphological features of MCD. In-vivo and in-vitro studies have supported that PAN-induced glomerular injury is mediated via overproduction of reactive oxidative species, particularly by podocytes [11] [12] [13] [14] . Reactive oxidative species may then interact with other biomolecules, leading to modification and potentially deleterious cellular consequences, including apoptosis [12, 15, 16] .
The endoplasmic reticulum (ER) is a highly dynamic organelle responsible for multiple cellular functions wherein newly synthesized secretory and transmembrane proteins are assembled and folded into their correct tertiary structures; it plays a critical role in controlling cellular proteostasis and fate. Maintenance of protein metabolism is disturbed under various pathogenic stresses, resulting in the accumulation of unfolded proteins due to ER dysfunction, which in turn causes cell damage. This series of events is termed ER stress [17, 18] .
Because ER stress leads to accumulation of unfolded or misfolded proteins in the ER, it triggers an adaptive program called the unfolded protein response (UPR) [19] [20] [21] . The adaptive UPR pathway is regulated by three major ER resident transducers (i.e., ER stress sensors) in the ER lumen, namely, RNA-dependent pancreatic eukaryotic translation initiation factor 2α (eIF2α) kinase (PKR-like ER kinase; PERK), activating transcription factor 6 (ATF6), and inositol-requiring ER-to-nucleus signal kinase 1. These transducers are normally inactive due to binding of the ER chaperone GRP78 (78 kD glucose-regulated protein), also known as binding immunoglobulin protein (BiP). ER stress dissociates GRP78/BiP from the transducers, which then binds to unfolded proteins. Activation of PERK leads to phosphorylation of eIF2α, which causes general inhibition of protein synthesis and induction of ATF4, which binds to the amino acid response element [19, 20] . ER stress is common under various pathogenic microenvironments and contributes to progression of various podocyte diseases. Abnormal protein accumulation associated with podocyte-specific ER stress induces structural and functional damage in cells, which in turn leads to apoptosis and severe proteinuria [21] [22] [23] . The ER stress mechanisms underlying the development of podocyte injury by PAN remain unclear.
In this study, an in-vitro proteinuria model involving PAN was used to study its effect on ER stress and apoptosis in mouse podocytes.
Methods

Mouse podocyte culture
Conditionally immortalized mouse podocytes were kindly provided by Peter Mundel (University of Harvard, Boston, MA, USA) and were cultured and differentiated as described previously [24] . For proliferation, podocytes were cultured in collagen type I-coated flasks in the presence of 10 U/mL mouse recombinant γ-interferon (Roche, Mannheim, Germany) at 33°C (permissive conditions). For differentiation, they were maintained at 37°C without γ-interferon (non-permissive conditions) for at least 2 weeks.
Treatment conditions and antibody preparation
Podocytes were treated with 50 μg/mL of PAN (Sigma Chemical Co., St. Louis, MO, USA) dissolved in ethanol for 2, 6, 12, and 24 hours. A cytotoxic dose of PAN was used as determined previously [14] . The primary antibodies for anti-ATF6α, anti-caspase-12, anti-phosphoeIF2α, and anti-GRP78 were purchased from Cell Signaling (Danvers, MA, USA). Anti-β-tubulin antibody was purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA).
To inhibit ER stress, podocytes were treated with 5 μM 4-phenylbutyric acid (PBA) and 100 μM tauroursodeoxycholic acid (TUDCA) (both from Sigma Chemical Co.). To inhibit phosphoinositide 3 (PI3)-kinase/Akt signaling, podocytes were exposed to 5 μM LY294002 (Cell Signaling Technology), a PI3-kinase inhibitor.
Small interference RNA (siRNA) for ATF6α, Nox4, and CD2AP transfection
The culture medium was removed one day before transfection, and differentiated podocytes were grown in antibiotic-free RPMI 1640 medium supplemented with 10% fetal bovine serum (FBS). The cells were transfected with siRNA using Lipofectamine 2000 Transfection Reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's introductions. In brief, ATF6α, Nox4, and CD2AP siRNAs along with control scrambled siRNA (all from Santa Cruz Biotechnology) were diluted with Transfection Medium (Opti-MEM, Invitrogen) and incubated in 6-well plates for 5 minutes. In parallel, Lipofectamine was diluted with Transfection Medium (Opti-MEM). The diluted Lipofectamine reagent and siRNA were mixed and incubated at room temperature (RT) for 20 minutes. The medium was replaced with Opti-MEM and the siRNA/Lipofectamine mixture was added to cells. The transfection mixture was replaced with RPMI 1640 medium supplemented with 10% FBS after 5 hours, and the inhibitory effect of siRNAs was confirmed by western blotting.
Western blotting
Confluently grown cell layers were incubated with additives for various durations and were extracted in protein extraction solution (PRO-PREP; Intron, Seongnam, Korea) according to the manufacturer's instructions. Thirty micrograms of boiled extract was separated with 10% or 12% SDS-PAGE gels, and the separated proteins were transferred to polyvinylidene fluoride membranes (BioRad Laboratories, Hercules, CA, USA). Then, the membranes were air-dried and blocked in 3% fat-free milk before incubation with primary antibodies. After incubation with horseradish peroxidase-conjugated secondary antibodies (Santa Cruz Biotechnology), the bands were detected using an enhanced chemiluminescence system (Amersham Biotech Ltd., Bucks, UK). All experiments were repeated at least three times. In each experiment, the ratio of absorbance of each molecule to β-tubulin was calculated. Density values were expressed as percentage of control.
Immunofluorescence staining
Podocytes grown on type I collagen-coated glass cover slips incubated for 24 hours were fixed with 4% paraformaldehyde, permeabilized in 0.3% Triton X-100 for 10 minutes at RT, blocked with 10% normal goat serum, and labeled with monoclonal rabbit anti-ATF6α (Cell Signaling Technology) and anti-CD2AP (Santa Cruz Biotechnology) antibodies. Primary antibody-bound specimens were incubated with 1:500 (v/v) Alexa 488 for green and Alexa 594 for red (Invitrogen) conjugated secondary antibodies at RT for 1 hour. DAPI was used to stain nuclei. The coverslips were mounted in aqueous mounting medium and visualized under a fluorescence microscope (BX51; Olympus, Tokyo, Japan).
Scanning electron microscopy (SEM)
SEM was used for mouse podocytes grown confluently on the surface of cellulose semi-permeable membranes (Millicell-HA; Millipore Corp., Burlington, MA, USA). After washing twice with phosphate buffer solution, the monolayered cells were fixed with 5% glutaraldehyde and post-fixed with 2% osmium tetroxide, followed by dehydration with progressive concentrations of ethanol. These samples were then passed through critical-point drying and gold coating before examination with SEM (Hitachi S-570; Hitachi Science Systems Ltd., Hitachinaka, Japan).
Fluorescence-activated cell sorting (FACS) assay
FACS was used to quantify apoptotic and necrotic podocytes after annexin V-fluorescein isothiocyanate (FITC) and propidium iodide (PI) labeling, as described in the manufacturer's protocol (Annexin V-FITC Apoptosis Detection Kit I; BD Biosciences, San Jose, CA, USA). Equal numbers of podocytes were grown on 6-cm tissue culture plates in medium. After each treatment, the cell www.krcp-ksn.org culture medium was collected and stored. Cells were washed once with 1.5 mL of PBS. PBS used for washing was combined mixed with the saved stored culture medium. The percentages of apoptotic and necrotic cells in the adherent-cell fraction were estimated by FACS (FACSCalibur-S System; Becton Dickinson Biosciences, San Jose, CA, USA) after annexin V-FITC and PI labeling. The cell number was calculated by multiplying the percentages of apoptotic and necrotic cells, as determined by FACS, to with the total number of adherent cells. The total number of cells was defined as the number of detached cells plus the number of adherent cells. All FACS analyses for apoptosis detection were performed in triplicate under each experimental condition.
Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay
Podocytes grown on type I collagen-coated glass cover slips incubated for 24 hours were fixed with 4% paraformaldehyde for 1 hour followed by permeabilization with 0.1% Triton X-100 for 10 minutes at RT. TUNEL assay was performed according to the manufacturer's instructions (In Situ Cell Death Detection Kit, AP; Roche). After coverslips were mounted, the samples were immediately evaluated using a fluorescence microscope. The TUNEL index (apoptotic podocytes) was determined by counting positively and negatively staining cells in 10 visual fields. 
Statistical analysis
The results are expressed as mean values ± standard deviation. Statistical significance was assessed by nonparametric Kruskal-Wallis ANOVA analysis or Student's t test using the SPSS 9.0.0 (SPSS Inc., Chicago, IL, USA) software program. P values less than 0.05 were considered significant.
Results
PAN induced ER stress in mouse podocytes
PAN treatment tended to increase levels of ATF6α, an ER stress marker, in time-and dose-dependent manners (Fig. 1A) , as presented in Fig. 1B . In particular, a high dose of PAN (50 μg/mL) significantly increased ATF6α in a dose-dependent manner after incubation for 24 hours, correcting for β-tubulin levels (n = 3; Fig. 1C ). PAN also increased GRP78/BiP at an earlier stage of 12 hours, which normalized at 24 hours (n = 3; Fig. 1D, E) . In addition, PAN significantly increased the levels of another ER stress marker, caspase-12, in a dose-dependent manner after incubation for 24 hours (Fig. 1F) ; however, no differences in the levels of phospho-eIF2 were evident (Fig.  1G) . These results suggested that PAN induces podocyte ER stress through GRP78/BiP at an early stage and through the ATF6α and caspase-12 pathways later.
ER stress inhibitors, PBA and TUDCA, reduced PANinduced ER stress
To confirm the activation of ER stress by PAN, we assessed whether 4-PBA and TUDCA, which are ER stress inhibitors, could alleviate the increased ER stress in PANtreated mouse podocytes. Exposing the PAN-treated podocytes to 5 µM of 4-PBA and 100 µM of TUDCA significantly reduced ATF6α expression after incubation for 24 hours, correcting for β-tubulin levels, as expected (n = 3; Fig. 2A , B, respectively).
LY294002, a PI3-K inhibitor, exaggerates podocyte ER stress
ATF6α upregulated by PAN was significantly augment- ed by 5 µM of LY294002 after incubation for 24 hours, correcting for β-tubulin levels (n = 3; Fig. 3A ). Confocal imaging with CD2AP showed that PAN led to increased levels and accumulation of ATF6α, which was also further augmented by LY294002 (Fig. 3B) .
siRNAs modulate podocyte ER stress
Confocal microscopy showed that although PAN increased ATF6α, it reduced CD2AP. ATF6α upregulated by PAN was modulated by each of the siRNAs that were tested. As expected, the siRNA that suppresses ER stress (siATF6α) countered the ATF6α increase induced by PAN. Although siNOX4 did not show any additive difference, siCD2AP further increased ATF6α. The densities of fluorescence staining analyzed using ImageJ image processing and analysis software (National Institutes of Health, Bethesda, MD, USA) are shown in the lower panel (Fig.  4A ). These changes were confirmed by western blotting, as shown in Fig. 4B (n = 3) . Because siNOX4 did not show any effect, the oxidative stress induced by PAN was downstream to ER stress; therefore, anti-oxidative stress might not inhibit the established ER stress.
PAN induces fusion of surface villi on podocytes
After 24 hours of incubation, surface villi were identified on podocytes in normal physiologic conditions without PAN. However, PAN (50 μg/mL) treatment induced fusion and effacement of surface villi on podocytes, which was aggravated by LY294002 and attenuated by 4-PBA and TUDCA (Fig. 5) . These results suggest that ultrastructural changes of podocytes induced by PAN were mediated by ER stress activation and aggravated by PI3-kinase inhibition.
PAN induces podocyte apoptosis
PAN induced significant apoptosis in concentrationand time-dependent manners, as seen using the TUNEL assay. Apoptotic podocytes were stained and their concentration-and time-dependent increases are demonstrated in Fig. 6 . These changes, particularly after incubation for 24 hours, were similar to those of ATF6α, as seen in Fig. 1A and B. Thus, PAN induced podocyte apoptosis, which was promoted by ER stress at high doses and longer exposure times. 
Podocyte apoptosis is modulated by LY294002, 4-PBA, TUDCA, and siRNAs
In addition to the siRNAs, podocyte apoptosis induced by PAN (50 μg/mL) was also modulated by LY294002, a PI3-kinase inhibitor, along with 4-PBA and TUDCA, which are ER stress inhibitors. LY294002 increased podocyte apoptosis, whereas 4-PBA and TUDCA significantly www.krcp-ksn.org reduced it, as seen by TUNEL assay (n = 3; Fig. 7A ). siATF6α, which suppressed ER stress, and siNox4, which inhibited oxidative stress, reduced PAN-induced apoptosis. In contrast, siCD2AP itself induced apoptosis and further increased the apoptosis induced by PAN (n = 3; Fig. 7B, C) . These changes were confirmed by FACS assay (n = 3; Fig. 7D, E) . Figure 6 . PAN induces podocyte apoptosis in concentration-and time-dependent manners, as seen using TUNEL assays (n = 3). Values are expressed as mean ± standard deviation. Control (100%); value without PAN. *P < 0.05 and **P < 0.01 versus control. Figure 5 . PAN induces fusion of surface villi on podocytes. After 24 hours of incubation, surface villi (arrows) were identified on podocytes in normal conditions without PAN. However, PAN (50 μg/mL) induced fusion and effacement of surface villi (arrowheads) on podocytes, which was aggravated by LY294002 and attenuated by 4-PBA and TUDCA (×60,000). PAN, puromycin aminonucleoside; PBA, phenylbutyric acid; TUDCA, tauroursodeoxycholic acid. www.krcp-ksn.org
Discussion
One consequence of podocyte injury is apoptosis, which leads to podocyte depletion and subsequent glomerulo sclerosis in both experimental and human glomerular disease [4] [5] [6] . PAN-induced nephropathy is characterized by podocyte apoptosis [7, 8] , and PAN also causes apoptosis in podocytes in vitro [16, 25, 26] .
The ER performs multiple cellular functions, such as regulating protein synthesis, folding, and trafficking as well as modulating cellular responses to stress. Because ER homeostasis is maintained by UPR [19] [20] [21] , which may also serve as an adaptive response, severe or prolonged ER stress will lead to apoptotic cell death. Severe podocyte injury with abnormal protein accumulation is associated with ER stress, which produces structural and functional damage to lead to apoptosis and severe proteinuria [21] [22] [23] 27] . Nevertheless, the mechanisms of ER stress and apoptosis induced by PAN in podocytes remain unclear. Our data demonstrate that PAN can trigger ER stress in mouse podocytes through GRP78/BiP at an early stage and induce podocyte ER stress mainly through the ATF6α and caspase-12 pathways at a later stage. A report by Ito et al [28] revealed that eIF2α and GRP78 were already activated on day 1 and remained at their highest levels until day 3. eIF2α and GRP78 then decreased in the glomeruli of the PAN nephrosis model and were upregulated for up to 48 hours in-vitro experiments. However, their applied dose of PAN (5 μg/mL) in vitro was much lower than ours (50 μg/mL) and they did not observe changes in ATF6α and caspase-12. We assume that PAN could trigger ER stress in mouse podocytes through the GRP78/BiP at an early stage and PAN may induce podocyte ER stress through the ATF6α and caspase-12 pathways at a later stage.
We also unraveled the critical role of PI3-kinase survival signaling during podocyte apoptosis. PI3-kinase is involved in many fundamental cellular functions via activation of protein kinase B (PKB also known as Akt), including cell growth, proliferation, differentiation, motility, survival, and adhesion [29, 30] . Akt is a central regulator of PI3-K-mediated cell survival, and activation of PI3-K results in phosphorylation of Akt, which presumably activates the Akt-dependent signaling processes in podocytes. PAN-induced podocyte injury models showed decreased Akt activity, and dexamethasone was found to inhibit apoptosis by stabilizing the PI3K/Akt signaling pathway in vitro [31] . Similarly, PAN reduces Akt phosphorylation levels of GSK3β in cultured podocytes, and LY294002 could further promote podocyte apoptosis induced by PAN [32] . In rats with PAN-induced nephropathy, 1,25(OH)2D3 significantly prevented loss of nephrin, foot process retraction, and podocyte apoptosis by stimulating Akt phosphorylation and suppressing the transforming growth factor-β/Smad-signaling pathway [26] . Furthermore, the PI3K/Akt pathway mediates podocyte survival during the early stage of high glucose nerve stimulation. Activation of the PI3K/Akt pathway also prevents apoptosis due to inhibition of Notch [33] . Our findings showed that PI3-kinase inhibition augmented Ang II-induced ER stress via the PERK-eIF2α pathway, suggesting that PI3-kinase inhibition is related to Ang IIinduced ER stress in podocyte injury [23] .
CD2AP serves as an adaptor protein by anchoring SD proteins, such as nephrin and podocin, to the actinbased cytoskeleton of podocytes, thus maintaining the filtration structure and sending signals inside or outside [34] [35] [36] [37] . CD2AP and nephrin also interact with the p85 Figure 8 . Schematic representation of ER stress pathway induced by PAN in mouse podocytes. PAN induces podocyte ER stress mainly via ATF6α and caspase-12 pathways, which promotes apoptosis by oxidative stress and inhibits PI3-kinase anti-apoptotic signaling. ATF, activating transcription factor; ER, endoplasmic reticulum; GRP78, 78 kD glucose-regulated protein; PAN, puromycin aminonucleoside. subunit of PI3-K to stimulate the anti-apoptotic intracellular Akt kinase (PI3-K/Akt) pathway, which plays essential roles in cell survival, actin reorganization, and endocytic machinery of podocytes [38, 39] . CD2AP siRNA itself induced apoptosis in podocytes and further increased PAN-induced apoptosis. Recently, Saurus et al [40] reported that PAN increased the activity of SHIP2, a negative regulator of the PI3K/Akt signaling pathway. PAN reduced CD2AP expression in cultured human podocytes, thereby increasing oxidative stress and aggravating podocyte apoptosis. We previously found that PAN treatment significantly increased the oxidative stress level of podocytes with induction of Nox4 [14] . In this study, we also found that siRNA inhibits oxidative stress, and siNox4 could reduce apoptosis.
In conclusion, we demonstrated that PAN triggers podocyte ER stress in mouse podocytes through GRP78/ BiP at an early stage. Thereafter, PAN mainly triggers podocyte ER stress through the ATF6α and caspase-12 pathways, which promotes podocyte apoptosis due to oxidative stress and inhibits PI3-kinase survival signaling (Fig. 8) .
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